Clear cell renal cell carcinoma (ccRCC) is composed of cells whose cytoplasm filled with lipid droplets, subcellular organelles coated with adipocyte differentiationrelated protein (ADFP) for the storage of triacylglycerol converted from excess free fatty acids. Mammalian cells primarily use the autophagy-lysosome system to degrade misfolded/aggregated proteins and dysfunctional organelles such as lipid droplets. MAP1S (originally named C19ORF5) is an autophagy activator and promotes the biogenesis and degradation of autophagosomes. Previously, we reported that MAP1S suppresses hepatocellular carcinogenesis in a mouse model and promoted the survival of patients with prostate adenocarcinomas by increasing the degradation of aggregated proteins and dysfunctional mitochondria. Here we show that a suppression of MAP1S in renal cells causes an impairment of autophagic clearance of lipid droplets. In contrast, an overexpression of MAP1S causes an activation of autophagy flux and a reduction of lipid droplets so less DNA double strand breakage is induced. The levels of MAP1S in normal renal cells are dramatically higher than those in the ccRCC tissues and cell lines derived from renal cell carcinomas. High levels of MAP1S are associated with a reduced malignancy and metastasis of ccRCC and predict a better survival of ccRCC patients. Therefore, autophagy defects in the degradation of lipid droplets triggered by the MAP1S deficiency may enhance the initiation and development of ccRCC and reduce the survival of ccRCC patients.
INTRODUCTION
Mammalian cells primarily use the autophagylysosome system to degrade dysfunctional organelles, misfolded/aggregated proteins and other macromolecules [1, 2] . Defects in autophagy lead to an enhancement of oxidative stress [3, 4] or lysosomal rupture [5] . Reactive oxygen species cause telomere attrition and DNA double strand breakage [6, 7] and simultaneously subvert mitotic checkpoints [8, 9] . The resulting genomic instability is amplified through a cascade of autocatalytic karyotypic evolution through continuous cycles of chromosomal breakage-fusion-bridge and eventually leads to tumorigenesis [4, 10] . Furthermore, oxidative stress and lysosomal rupture in turn activates NLRP3 inflammasomes that result in a direct activation of caspase-1 [11] . The activation of caspase-1 eventually induces an inflammatory form of cell death referred to as pyroptosis [12] . The release of immunogenic danger signals or danger-associated molecular patterns (DAMPs) from pyroptotic cells can fuel pro-inflammatory cascades that promote the mortality of host structural, hematopoietic and immune-competent cells [13, 14] . Therefore, autophagy may be directly related to cancer initiation, development and metastasis as well as affecting survival of cancer patients.
MAP1S, previously named as C19ORF5, is a member of the microtubule-associated protein family 1. Similar to its homologues MAP1A and MAP1B, MAP1S interacts with both LC3-I and LC3-II isoforms [15] [16] [17] [18] [19] . We identified MAP1S as a positive regulator of autophagy and its depletion led to autophagic defects under nutritive stress and an accumulation of dysfunctional mitochondria [19] . Although no dramatic phenotype was observed, the general MAP1S knockout mice exhibited increased intensities of sinusoidal dilatation and increased levels of oxidative stress in liver, and reduced lifespans [20] . Based on the somatic mutation data of 17301 genes from 316 ovarian cancer patients from The Cancer Genome Atlas, MAP1S emerged as one the most significant patient survival-related genes [21] . When hepatocytes were exposed to chemical carcinogen, and when tumor cells in hepatocellular carcinomas were under metabolic stress induced by genomic instability, MAP1S was dramatically elevated and activated autophagy to degrade P62-associated protein aggregates and dysfunctional mitochondria, eliminate g-H2AX-labeled DNA doublestrand breaks and suppress genomic instability. MAP1Sdeficient mice developed more malignant hepatocellular carcinomas [22] . MAP1S levels were increased in response to the initiation and development of human prostatic adenocarcinomas (PCA), but subsequent loss of MAP1S expression in PCA patients led to shortening of their overall survival [23] . Therefore, an association between MAP1S-acitivated autophagic flux, malignancy and patient survival has been documented.
Clear cell renal cell carcinoma (ccRCC), the most common form of adult renal cell carcinomas (RCC), is composed of cells with clear or eosinophilic cytoplasm filled with lipids and glycogen, and arises from proximal tubular epithelial cells or other renal cell types. The cytoplasm contents are dissolved during routine histological processing and cells reveal a clear cytoplasm surrounding by a distinct cell membrane [24] . It is possible that defects in autophagy, especially defects in lipophagy which is the autophagic turnover of lipid droplets [25] , may be responsible for the accumulation of lipid droplets in ccRCC. In our study, we found that normal renal cells in mouse and human renal tissues contained high levels of MAP1S, while ccRCC tissues and cell lines derived from RCC contained dramatically reduced levels of MAP1S. The suppression of MAP1S in renal cells caused an impairment of autophagic flux, an accumulation of lipid droplets and an increased genomic instability while its overexpression caused an activation of autophagic flux, a reduction of lipid droplets and a decreased genomic instability. High levels of MAP1S were associated with a reduced aggressivity of ccRCC and an improved survival of ccRCC patients. Therefore, defects in autophagic clearance of lipid droplets triggered by the MAP1S deficiency may stimulate the initiation, development and metastasis of ccRCC, and reduce the survival of ccRCC patients.
RESULTS

Distribution of MAP1S in renal tissues
We previously reported that MAP1S levels are low in normal mouse liver, dramatically increased upon exposure to the liver-specific carcinogen diethylnitrosamine, and then reduced to levels similar to those before exposure. After tumor foci are formed, high levels of metabolic stresses lead to an elevation of MAP1S [22] . Nothing is known about the MAP1S expression in renal tissues. In order to understand the role of MAP1S in the renal system, we first examined the expression levels of MAP1S in mouse renal tissues. Clearly, the immunostaining signal of MAP1S was strong in the glomerulus, the distal convoluted tubules and the proximal convoluted tubules of renal tissues from wild-type mice. The MAP1S signal in the MAP1S −/− kidney was at the basal levels of non-specific staining ( Figure 1 ). Levels of MAP1S expressed in renal tissues were easily detected by an antibody with high specificity.
Levels of MAP1S in human renal cell lines and tissues from ccRCC patients
We utilized the MAP1S antibody to test the levels of MAP1S in cultured cells. HK-2 (human kidney 2) is an immortalized proximal tubular cell line derived from a normal kidney. Levels of MAP1S in HK-2 cells were the highest, while levels of MAP1S were dramatically reduced in all other cell lines developed from human primary ccRCC (786-0, RCC4, A498 and Caki-1) ( Figure  2A ). Examining the levels of MAP1S in freshly collected renal tissue samples by immunoblot revealed that levels of MAP1S were the highest in normal tissues and the lowest in ccRCC ( Figure 2B ,2C). The same trends were confirmed by immune-florescent staining: the intensities of MAP1S in normal tissues were the highest, tissues adjacent to tumors the second, and tumor tissues the lowest ( Figure 2D ).
We further examined the levels of MAP1S in fixed tissues collected from 72 patients with different clinical and pathological characteristics ( Table 1) . Immunostaining the fixed tissue sections from human ccRCC patients revealed that levels of MAP1S were lower in the ccRCC than in the adjacent normal tissues on the same section ( Figure 3A ). Levels of MAP1S in ccRCC and normal tissues exhibited variation among different patients ( Figure 3B ). In general, the ccRCC tissues exhibited significant lower intensities of MAP1S staining, lower frequencies of MAP1S-positive cells and lower levels of MAP1S than their adjacent normal tissues ( Figure 3C , Table 2 ). The examination of ccRCC tissues with high levels of MAP1S in detail revealed that the staining of MAP1S in clear cells were much weaker than other cells in the tumor focus ( Figure 3B , Insert). Therefore, levels of MAP1S in ccRCC were dramatically reduced.
Higher levels of MAP1S predict a better cumulative survival
There was no significant difference in the levels of MAP1S between patients of different age groups, between males and females and among different tumor stages ( Table 2 ). However, patients with G3 tumors ( Figure 4A ), with lymph node metastasis ( Figure 4B ), with distant metastasis ( Figure 4C ), with stage III and IV disease ( Figure 4D ) and with survival shorter than 65 months ( Figure 4E ) had significantly lower levels of MAP1S than those with G1 and G2 tumor grades, without lymph node metastasis and distant metastasis, with stage I and II, and with a survival longer than 65 months ( Table 2 ). It has been reported that high levels of MAP1S predict better prognosis for patients suffering from prostate adenocarcinomas [23] . We further examined the relation between the levels of MAP1S and cumulative survival times of ccRCC patients. Patients with higher intensities of MAP1S staining, higher frequencies of MAP1S-positive cells and higher levels of MAP1S had significantly longer survival times ( Figure 5 ). Thus, high levels of MAP1S predicted a better prognosis.
A deficiency of MAP1S stimulates an accumulation of lipid droplets in the TCMK-1 mouse normal renal epithelial cells
To understand the relationship between levels of MAP1S and malignancies and survivals of ccRCC patients, we tested the impact of MAP1S on the levels of lipid droplets in the oleate-treated TCMK-1 cells. Knocking down the expression of MAP1S led to an impairment of autophagy flux as indicated by the reduced LC3-II levels in the presence of lysosomal inhibitor bafilomycin A1 (Figure 6A,6B ). On the contrary, an overexpression of MAP1S caused an activation of autophagic flux (Figure 6C,6D) . We observed that more lipid-droplets accumulated when The mean ± standard deviation of MAP1S levels in tumor tissues between different groups estimated by histological analysis. 3 The significance is estimated by Student's T Test with twotailed distribution and unequal variance. www.impactjournals.com/oncotarget cells were treated with bafilomycin A1; more and larger lipid-droplets accumulated in the cells with MAP1S suppressed (Fig. 6E-G ) but more and larger in the cells overexpressing MAP1S in the absence of bafilomycin A1 ( Figure 6H-6J) . We observed the same trends using ADFP as an additional marker to quantify the amount of lipid droplets ( Figure 6K,6L,6N,6O ). In addition, a suppression of MAP1S enhanced ( Figure 6K,6M) but an overexpression of MAP1S reduced the levels of γ-H 2 AX representing the DNA damage and genomic instability ( Figure 6N,6P) . Therefore, MAP1S activated the autophagy turnover of lipid droplets and suppressed the genomic instability.
DISCUSSION
Whether autophagy enhances or suppresses tumorigenesis remains controversial [26, 27] . Defective autophagy stimulates accumulation of dysfunctional mitochondria and induces oxidative stress leading to apoptotic cell death [28] [29] [30] [31] [32] [33] . Under such circumstances, an activated autophagy may prevent cells from death and promote the survival of cancer cells. However, autophagy suppresses oxidative stress and pyroptosis, another form of cell death. If autophagy suppresses pyroptosis, the activation of autophagy in cancer cells may reduce the pro-inflammatory stress from cancer cells to host In panel A, 0, no cell; 1, 1-10%; 2, 11-50%; 3, 51-80%; and 4, >80% cells were stained. In panel B, 0, no staining; 1, cells were weakly; 2, moderately; and 3, strongly stained. In panel C, high, ≥4; and low <4 in their combined scores for intensity and frequency. Case number for each group is provided inside the parentheses. The significance of difference between two groups was estimated by chi-square test. structural, hematopoietic and immune-competent cells which surround and contain the cancer cells. Thus, the initiation, development and metastasis of cancers will be suppressed by the host cells and the patient survival will be prolonged.
Our previous results showed that MAP1S is an activator of autophagic flux. A deficiency of MAP1S causes defects in autophagy and enhances the initiation and development of hepatocellular carcinomas [19, 22] . High levels of MAP1S are associated with low malignancies of prostate cancer and predict a better survival of prostate cancer patients [23] . Here, our results similarly show that high levels of MAP1S are associated with low degrees of malignancy and distant metastasis of ccRCC, and predict a better survival of ccRCC patients.
Lipid droplets are subcellular organelles coated with ADFP for storage of triacylglycerol converted from excess free fatty acids and glucoses in plasma, and degraded through the autophagy-lysosome system [2] . LC3-II is involved in the entire process from the formation to the degradation of cytosolic lipid droplets [34] . Both ATG5 and ATG7 promote the conversion of LC3-I to LC3-II so their deletion leads to a reduction in the levels of LC3-II that is required for the formation of cytosolic lipid droplets. Although the autophagy degradation of lipid droplets is also impaired, no significant amount of lipid droplets accumulates [35, 36] . MAP1S interacts with both LC3-I and LC3-II and promotes autophagic flux [19] . Either overexpression or suppression of MAP1S does increase the levels of LC3-II, which might lead to an enhanced accumulation of lipid droplets if MAP1S only acted to increase the levels of LC3-II. However, the overexpression and suppression of MAP1S have opposite impacts on the accumulation of lipid droplets in the absence of Bafilomycin A1, suggesting that MAP1S acts mainly as a promoter of autophagic flux to enhance the degradation of lipid droplets. The depletion of MAP1S leads to accumulation of lipid droplets that enhance generation of inflammatory mediators and reactive oxygen species and induce profibrotic responses [37] . Oxidative stress and profibrotic responses promote DNA double strand breakage as indicted by γ-H 2 AX. DNA double strand breaks induce chromosomal breakage and genome instability. Cycles of cell divisions accompanying the fibrosis-induced tissue repairs facilitate the amplification of genome instability and eventually lead to tumorigenesis [38, 39] . Cancer cells may spread from their primary site to distant parts of the body through the bloodstream or the lymph system where the host immune systems work to stop the spreading [40, 41] . Inflammatory responses triggered by autophagy defects cause the death of immune cells through pyroptosis, and eventually lead to the breakdown of host immuno-response system and metastasis of cancer cells [14] . Therefore, MAP1S enhances the autophagic flux to suppress tumorigenesis and metastasis, and prolong survival of patients possibly by means of a suppression of pyroptosis.
MATERIALS AND METHODS
Collection of murine renal tissue
Animal protocols were approved by the Institutional Animal Care and Use Committee, Institute of Biosciences and Technology, Texas A&M Health Science Center. All animals received humane care according to the criteria outlined in the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy of Sciences and published by the National Institutes of Health (NIH publication 86-23 revised 1985). Wild-type (MAP1S +/+ ) and MAP1S knockout (MAP1S −/− ) mice were generated and amplified in a C57BL/6 background as described in detail in our previous publication [19] . Twelve month-old male mouse littermates were sacrificed to collect renal tissues for immunofluorescent analysis with a confocal microscopy as described [42] .
Culture of renal cells for immunoblot analyses
HK-2 (ATCC ® CRL-2190™) is a human papillomavirus 16 (HPV-16) transformed proximal tubular cell line derived from a normal kidney. Cell line 786-0 (ATCC ® CRL-1932™ ), RCC4, A-498 (ATCC ® HTB-44™ ) and Caki-1 (ATCC ® HTB-46™ ) are derived from a human primary ccRCC. Cells were cultured using standard techniques and harvested for immunoblot analyses as previously described [42] .
Induction of lipogenesis with oleate
TCMK-1 (ATCC® CCL-139™) cells derived from mouse normal renal epithelial cells were cultured similarly to other human cell lines as previously described [42] . Cells were transfected with random or MAP1S-specific siRNA, or with control plasmid or plasmid expressing MAP1S for 24 hrs, treated with 0.25 mM oleate for 24 hours to induce lipogenesis in the absence or presence of 10 nM bafilomycin A1. Cells were then stained with 0.3% Oil Red O for 30 minutes to visualize lipid droplets and further counterstained with alum haematoxylin to visualize nuclei. The number of lipid droplets per cell and the average size of each lipid droplet were quantified as described [43] .
Enrollment of patients and collection of human renal tissue samples
This study was approved by the institutional review boards of all participating sites, and these sites provided the necessary institutional data and shared agreements before study initiation. Totally, 72 patients with ccRCC were selected from patients enrolled in the Fifth Affiliated Hospital of Guangzhou Medical University, Nanfang Hospital of Southern Medical University, Guangzhou General Hospital of Guangzhou Military Command and The University of Texas MD Anderson Cancer Center. The patients underwent treatments during the period from 2004 to 2006 and were followed for 8 years and a complete set of clinical data including age, gender, tumor stage, lymph node metastasis, distant metastasis, tumor grade, stage grouping and survival times were collected. Tumors were confirmed histopathologically and staged according to TNM classification by UICC [44, 45] . All pairs of tumors and their adjacent normal tissues were taken from patients and fixed in 10% formalin, embedded in paraffin, sectioned consecutively at 5 μm, and stained by hematoxylin and eosin. The histological types were assigned by two independent clinical pathologists in a double-blinded manner. Additionally, fresh tissues including the ccRCC tumors, renal tissues close to the tumor foci (para-Ca) and normal tissues distant from the tumor foci were collected from eight ccRCC patients enrolled during 2014. A portion of samples were frozen and used to prepare cell lysates for immunoblot analyses. Other portions were fixed and subjected to immuno-fluorescent analyses. Immunoblot analyses, immunohistochemistry analyses and immuno-fluorescent confocal microscopy were conducted following similar protocols we previously described [22, 23, 46] .
Semi-quantitative analysis
Immunostaining results were presented as percentage of positively stained tumor cells and staining intensity similarly as described [23, 46, 47] . Briefly, the percentage of positive cells was scored as 0 if no cells were stained, 1 if 1-10% cells stained, 2 if 11-50% cells stained, 3 if 51-80% cells stained and 4 if >80% cells stained. The staining intensity was scored as 0 if no staining was seen, 1 if cells were weakly stained, 2 if they were moderately stained and 3 if they were strongly stained. The combined scores for intensity and frequency were added together (0 to 7) and classified as high if the score ≥ 4 or low level if the score <4. Both percentage of positive cells and staining intensity were evaluated in a double-blinded manner.
Statistical analysis
The statistical analyses of the differences of staining scores of MAP1S between or among various clinicopathological groups were evaluated with the Student's T-test. The cumulative survival was measured from the time of surgery until the end of the observation period and analyzed by the Kaplan-Meier method. The SAS software was used for all statistical analyses and a P value of <0.05 was considered significant. All statistical analyses were carried out as previously described [23, 47] .
